1. Alkaline-earth-metal cations at low concentrations form soluble complexes with bovine caseins. The relative order of binding capacities is: Mg2+>Ca2+> Ba2+>Sr2+. 2. The cations interact with both free ionized carboxyl groups of aspartic acid and glutamic acid and with nmonoester phosphate groups covalently bound to serine and threonine; at low concentrations of the cations interactions are predominantly with the phosphate groups. 3. The order of binding capacities for purified components of the casein complex is: oca1-casein>fl-casein>K-casein.
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Casein is the major protein constituent of bovine milk and is a mixture of phosphoproteins. The most important of these are the a,,-, ,-and K-fractions, which comprise 53%, 29% and 13% respectively of the casein complex; each fraction exists in several genetically variable forms that differ only slightly in their composition and properties. The fractions differ considerably in their phosphorus content (aoI-casein, 1%; fi-casein, 0.5%; K-casein, 0.2%), but in each the phosphorus is present as monoester phosphates of serine and threonine residues (Ilofman, 1958; Kalan & Telka, 1959; Anderson & Kelley, 1959; Osterberg, 1964) . Ca2+ was shown to bind with the phosphate groups of at,,-casein by i.r. spectroscopy (Ho & Waugh, 1965) :.
The free carboxyl groups of the proteins are also potential metal-ion-binding sites. oca,-and f-Casein are precipitated by relatively low concentrations of Ca2+, but K-casein remains soluble even at high concentrations of Ca2+. In the presence of Ca2+ K-casein, a glycoprotein, will form a micelle with either a,S-or ,-casein, stabilizing the latter against precipitation; this micelle-forming property of the caseins accounts for their stability in milk in the presence of high concentrations of alkaline-earthmetal cations.
Although studies have been carried out on the binding of Ca2+ by acid casein (McLean & Hastings, 1935; Weir & Hastings, 1936; Chanutin, Ludewig & Masket, 1942; Carr, 1953; Zittle, DellaMonica, Rudd & Custer, 1958) Acid casein was prepared from skim milk by isoelectric precipitation at pH4.6 and 25'C with m-HCl. The precipitate was washed with water of pH4.6, redissolved in water at pH7.0 with the aid of 0.1m-NaOH and reprecipitated at pH4.6. Casein was precipitated once more by this prooedure and then stored at -20oC.
Crude a,1-casein and ,B-casein were prepared from acid casein by chemical fractionation and purified by chromatography on DEAE-cellulose (Whatman DE 11) in 3.3M-urea-0.01 M-imidazole buffer, pH 7.0 (Thompson & Kiddy, 1964; Thompson & Pepper, 1964; Thompson, 1966 (Habeeb, 1967) . Histidine residues were modified with ac-bromoacetate at pH 7.0 (Banaszak, Andrews, Burgner, Eylar & Gurd, 1963) . Free amino groups were determined with ninhydrin reagent (Moore & Stein, 1944) with unmodified protein as a control. Free histidine residues were determined by using diazonium IH-tetrazole (Sokolovsky & Vallee, 1966 Electrophores8i. Caseins were examined by starch-gel electrophoresis in 7M-urea-tris-citrate gels at pH8.6 (Wake & Baldwin, 1961) and by disc electrophoresis in 10% polyacrylamide gels with a discontinuous buffer system (Tombs & Akroyd, 1967) .
Equilibrium dialy8i8. Protein (1.5ml; 0.5% solution) was placed in dialysis tubing (Visking cellulose tubing, -t8in) and dialysed on an automatic dialyser (Stewart, Perkins & Greening, 1962) against 10ml of solution containing buffer and radioactive alkaline-earth-metal salt diluted with carrier; the radioactive isotopes used were 47Ca, 85Sr and '33Ba (obtained from The Radiochemical Centre, Amersham, Bucks., U.K.). Samples
(1 ml) of the protein and outer-compartment solutions were assayed for radioactivity on a Gamma Spectrometer. Magnesium was determined directly by using an atomicabsorption spectrophotometer. The pH of the outercompartment solution was measured at the temperature of dialysis. Protein was determined by measurements of 280 by using values of 9.6 (c,1-casein), 4.7 (,B-casein) and 9.8 (K-casein) for the extinction coefficients of a 1% (w/v) solution.
Preliminary experiments showed that binding of alkaline-earth-metal cations to caseins varied considerably with changes of pH, ionic strength and free cation concentration. Two of these parameters were maintained constant while the variation of the third was studied. The ionic strength of the buffer systems used was 0.1; anion-distribution studies with 1311-showed that at this ionic strength the correction for the Donnan membrane effect was insignificant. The high volume ratio of outercompartment solution to protein solution used in the experiments was adequate to maintain the free-cation concentration at a constant value. Most of the binding studies at constant pH were carried out at pH 7.4, where the second hydroxyl group of monoester phosphate groups is fully ionized.
RESULTS AND DISCUSSION
Binding of Ca2+ to aS -casein increases as the free metal-ion concentration is raised; the protein is precipitated at about l0mM-Ca2 . ,B-and K-Casein behave in a similar fashion except that K-casein is not precipitated, even at much higher Ca2+ concentrations. The relative order of binding capacities for Ca2+ to casein fractions is: cxlcasein >fl-casein >K-casein (Fig. 1) .
The effects of pH on the binding of Ca2+ to caseins were studied in the absence of a buffer, since many alkaline amine buffer systems form complexes with Ca2+ (Fig. 2) . Binding of Ca2+ cannot be studied near pH 5 because all caseins are precipitated at their isoelectric points. Binding of Ca2+ is low at pH 6, but increases markedly between pH 6 and pH 7 owing to the ionization of the second hydroxyl group of the monoester phosphate groups and to deprotonation of histidine residues. There is little alteration of the ionizing groups on amino acid residues betweeti pH 7 and pH 9, and this is reflected by a flattening of the binding curves in this region. At more alkaline pH values binding increases owing to deprotonation of the lysine and guanidine residues and to ionization of tyrosine hydroxyl groups. Binding of Ca2+ decreases markedly as the ionic strength of the medium is raised (Fig. 3) . This may be due in part to competition by Na+. There is no experimental evidence for the binding of alkali-metal ions to serum proteins, but Ho & Waugh (1965) showed binding to (x1 -casein by using i.r. spectroscopy. We found, by using 22Na+ as tracer, that Na+ was bound to a ax1-casein in a solution that had previously been deionized by passing it through a column of Bio-Deminrolit resin. However, binding is very low compared with binding of Ca2+, and the main effect of high concentration of Na+ on binding of Ca2+ will be on the activity of the Ca2+ rather than by competition for binding sites. As Na+ is bound to caseins, other univalent ions (including buffer ions) will probably also form complexes. Hughes & Klotz (1956) . Our tests of binding reversibility have confirmed that the amount of Ca2+ bound to these proteins at equilibrium is dependent only on the free Ca2+ concentration and is not affected by Ca2+ bound to the protein initially.
The relationship between the reciprocals of the concentrations of the bound and the free cations can yield information about the nature of the binding sites. Linear relationships are obtained for each distinct class of sites if the system conforms to the theory of multiple equilibria. In caseins, the possible binding sites are monoester phosphate groups contributed by serine and threonine residues and carboxyl groups of aspartic acid and glutamic acid. Experimentally observations are limited to a narrow range of Ca2+ concentrations. Therefore it is impossible to analyse the interactions in full detail according to the theory. We observed a linear relationship (Fig. 4) Fig. 4 for examples of this determination. The numbers of phosphate groups were calculated from the observed phosphate analyses. The numbers of histidine residues are those found on analyses with diazonium IH-tetrazole reagent. Other authors found 21 residues from complete analyses of amino acid hydrolysates of ea,1-casein (Koning & de Van Rooijen, 1965) . The residues shown are the number oflysine and terminal amino residues obtained by using the ninhydrin method (Joll6s, Alais & JolleS, 1962 The logKj values previously reported range around our value of 2.6. Their precision varies according to the method of measurement. Also, there are no data on the quality of the different caseins used. The criteria of protein purity and integrity have been improved over the years. Zittle et al. (1958) discussed the differences in the methods, conditions and protein preparations used. They noted that the number of Ca2+-binding sites observed varied widely among the preparations used for each reported investigation. There are differences in the amounts of individual alkaline-earth-metal cations bound to ocsl-or ,-casein fractions; the relative order of binding capacities to either is: Mg2+ > Ca2+ > Ba2+ > Sr2+ (Fig. 6) . The corresponding order for K-casein was similar, except that there was no significant difference between binding of Sr2+ and Ba2+. One might expect the order to be: Mg2+ > Ca2+>Sr2+ (Irons & Perkins, 1962) ; we have studied the binding of Sr2+ and Ba2+ to this protein and find the order: Sr2+ > Ba2+; the difference is not statistically significant (0.25<P<0.30). Studies with phosvitin from hen's-egg yolk, a protein containing approx. 10% of phosphorus, all present as monoester phosphates of serine residues, showed that the binding order for alkaline-earth-metal cations was similar to that in caseins (I. R. Dickson & D. J. Perkins, unpublished work).
The effect of pH and of ionic strength on the binding of the other alkaline-earth-metal cations to caseins are similar to those of Ca2+, and reciprocalplot analyses show that the same number of sites on the proteins is available to any of those cations. Thus each of the alkaline-earth-metal cations forms complexes of a similar nature with caseins. The [Alkaline-earth-metal ion] (mmM) 
